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IBSTRA CT

Inertial waves excited in the mixed layer by hurricane

Frederic, had hcrizontal scales of approximately 1 to 2

tines the kazoclinic Rossby radius of deformation (50 km) of

the first mode near the EsSoto Canyon. Initially, energy

propagated ver t ically at about 1.25 km/d and horizontally at

80 ks/d. TkESe waves spun down over s-folding scales of

four inertial periods as energy propagated vertically at 270

m/d and horizontally at 30 k/d. Inertio-gravity waves in

the deep thersocline had hcrizontal scales of 25 to 50 km

and vertical scales approximately equal to the water depth.

The energy of these waves was dominated by the barotropic

mode with sCme contributicus from modes 1 and 2. These

waves were not admitted to the shelf region because the bct-

ton slope was greater than the slope of the internal wave

characteristics.

The mean flcw followed the iscbaths at all levels, but

it was in the opposite direction in the bottom layer. The

mean flow initially decreased alcng the eastern boundary of

the canyon as the storm forcing readjusted the flow. Near-

bottc temperature variations of 4oC were associated with

the storm surge and advection in the along-track direction,

particularly along the north rim of the canyon..
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" the doer alone learneth "

Nietzsche. ......

The oceanic response tc intense, transient atmospheric

events, such as hurricanes, is dominated by robust inertial

wave excitation in the mixed layer and the subsequent propa-

gat cn and dispersion of inertio-gravity waves in the ther-

mocline. The study of these forced waves has been largely

through numerical and analytical investigations, because of

the lack of sufficient data to resolve the scales and ener-

getics of the motion. Hence, observations of ocean currents

and temperatures during a hurricane are neccessary for vali-

dating models and thecries dealing with forced inertio-grav-

ity saves.

A comprehensive data set of ocean observations was col-

lected by the C. S. Naval Oceanographic Office (NkVOCEANO)

during the passage of hurricane Frederic in the summer of

1979 (Shay and Tamul, 1980). DAVOCEAPO deployed three

moored taut-wire current meter arrays in the northern Gulf

of Hezico soutkeast of Robil., Alabama. During the period
.4-

of deployment, hurricane Prederic passed within 80 to 130 km
.4.1-4,

13
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of the array sites (Fig. 1) at 2100 GMT 12 September. Five

hours later, Frederic made landfall at Dauphine Island, Ala-

bama. During and subsequent to the passage of Frederic, the

laticnal Hurricane Research Division dropped several expend-

able bathytherucgraphs (AUET) from reconnassiance aircraft

in the area cf the current meter deployments (Black, 1983).

0, =

II

5-or

Figure 1. Track of Hurricane Frederic. The contours are in
fatbcas, A deticts posi ictjs oftcurrenttleter

* ~~~arrayst (IAVOC 1310) jU2 epi cts the oiton f
LIII drops (Blac, * 983). The tract of hurricane
Frederic is based on a report by Hobert (1979).
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ibis thesis addresses the problem of the vertical and

horizontal dispersion of the forced inertial wave en-ergy

from the mixed layer. The forcing readjusts the mean flow

as veil as generating aniactropic inertial motion. The cur-

rent meter observations allow determination of the scales

and the energetics of the forced, anisotropic wave motion

through use ct spectrum analysis and complex demodulation.

The modal structure is examined by formulating the Sturm-

Liouville prob1em and then performing a least squares fit

between the elgenfunctiors and the demodulated time series

of the current observations.

4 15 9
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I nonlinear model for a stationary hurricane (0'Brien

and Reid, 1967) was developed to simulate the observations

made in the wake of hurricane Hilda (Leipper, 1967). The

results indicated that upelling regions were restricted to

the area enclcosed by the zaximum wind regime, whereas down-

welling occurred outside this regime as warm water was

advected away from the stcrm center.

Cne of the most proncunced responses of the ocean to

wind forcing is the generation of inertial oscillations in

the surface mixed layer. Pollard (1970) simulated the gen-

eration of these waves using a two-dimensional, wind-driven

model developed by Pollard and Millard (1970). The pre-

dicted amplitudes and decay rates cf the forced oscillations

agreed well with the goods Hole Oceanographic Institution

(UHOI) 'site D' cbservaticns. Using the same data set, Pol-

lard (1980) showed that under relatively strong wind condi-

tions, 67 % of the horizcntal kinetic energy (HKE) in the

mixed layer was found near the inertial frequency. The sub-

sequent downward propagation of energy was estimated to be

16



of the order of 10-3 cm/s ( 1 m/d) This vertical group

velocity was too small to account for the radiation of iner-

tial waves and the subsequent loss of energy from the mixed

layer. The corresponding scales of the inertial wave motion

were about 100 tro 240 a in the vertical and hundreds of

kilometers in the horizontal (Table I).

TABLE I

Compariscn of Inertial-Internal Wave Parameters

TLeghBrooks Price Pollard IT
(1983) (1983) (1980)

S c e si
Kc zontal (ks) 370 480 700-1700
Vertical(§) 1000 1000 100-240 I

velocity

Hcrizontal (kmd) 23 86 0.8-17. I
Vertical (2/d) 60 160 0.03-3. I
Frcs Brocks 11983) 1

Using a linear, two-layer mcdel, Geisler (1970) simu-

lated inertic-gravity waves as part of the baroclinic

response in the wake of a translating storm. The critical

factcrs governing the generation of these waves were:

, the translational speed of the hurricane must be
greater than the internal wave phase speed; and

0 the horizcntal scales of these waves must be comparable
to the oceanic Rcssby radius of deformation.

11
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He further noted that the ocean response to a moving hurri-

cane is strcngly baroclinic.

The ocean thermal response to hurricane forcing, was

investigated numerically by imposing Ekuan layer dynamics in

a mixed layer model (Elsberry et 1U., 1976). The input of

energy frcm the wind stress was forced to generaze inertial

oscillations and cause turbulent mixing via entrainment.

Upelling also enhances the turbulent mixing process in the

upper layers of the ocean. The main result was that advec-

tion dominated tke thermal response near the storm track as

opposed to the heat loss from the ocean surface to the

storm.

Strong atmospheric fcrcing enhances the turbulent mixing

process in the surface mixed layer and causes it to deepen.

As the mixed layer continues to deepen, the thermocline

begins to erode as water from the thermocline is entrained

into the mixed layer. However, stratification tends to sup-

press turbulent mixing and aids in the creation of small-

scale internal waves either through entrainment or

Kelvin-Helmholtz instabilites (KH) at the base of the mixed

layer (Pollard j 1_., 1973 ; Garwood, 1977).

ii
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N Below the mixed layer, ocean curre a variability 4s

linked to vertically propagating wave groups of the internal

wave field (Kase and Olbers, 1979) . The actual mechanisms

for the vertical transport of energy from the wind forced

mixed layer tc the thermccline for the generation of large

scale inertial-internal waves are not well understood. Per-

haps the most effective way of creating these large scale

inertial-internal waves is through Ekaan suction. Krauss

(1972 a,b, 1976) showed that a horizontally varying wind

stress causes a mass transport 90 deg. to the right of the

stress in the Ekman surface layer. This surface layer div-

ergence is acccmpanied by an upward displacement of the iso-

pycnals or upielling of cccler water from below which tends

to suppress the turbulent mixing process. During the relax-

ation of the wind, these Isopycnals are displaced downward ,

which contritutes to the creaticn of large scale inertial-

internal waves at the base of the mixed layer.

Curing the passage of hurricane Belle (Mayer e t 1.,

1981), ocean current and temperature measurements were

/acquired on the continental shelf of the Middle Atlantic

Bight. Their analyses indicated that most of the inertial-

internal wave energy was ccntained in the first mode at the

19
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deeper sites Ivater depth of 70 a) and in a heavily damped

second mode at the shallow sites (water depth of 50 a) . The

variability in the modes was not attributed to the spatial

variability of the wind stress. The bottom slope and mean

velocity fields significantly altered the oceanic response

to hurricane Belle.

A mixed layer model (Garwood, 1977) was embedded into a

multi-layer, primitive equation, ocean circulation model

(GCH) by Adamec et al., (1980). Using this GCK model, Hop-

kins (1982) simulated the baroclinic response to a forcing

pattern similar to hurricane Frederic and compared the

results to the data collected in the wake of Frederic (Shay

and Tamul, 1980). The model predicted the inertial response

in the mixed layer quite well. However, the predicted ocean

current response in the subsurface layers was less energetic

than the ctservations, and decayed much too fast. These

discrepancies between the model simulations and observations

are due in part to the impcsition of the rigid lid conditior

at the surface, which eliminates the barotropic mode. Fur-

thermore, these model simulations did not include topogra-

phy, even though the observations are from a region where

the tottom topcgraphy is rugged and the ocean depth is less

than 1 km deep.

20
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R ecently, ocean measurements were made during the

passage of hurricane Allen in the western Gulf of Mexico

(Brooks, 1983). The spatial scales of the inertial wave

were different from the Osite D' cbservations, as shown in

Table I. The vertical scales in the ocean are generally

such greater under hurricane forcing than during the passage

of a cold front, while the converse is true for the horizon-

tal scales cf motion. The vertical group velocity, which

depends on both the wave and the Brunt-Vaisala frequencies,

for the Allen cbservations exceeded the group velocity from

the 'site D' observations. This estimate from the Allen

observations is misleading due tc the lack of upper thermo-

cline and mixed layer data. Moreover, the wind speed is

much greater during the passage of a hurricane than a fron-

tal passage. Therefore, the amount of turbulent mixing in

the mixed layer and inertial wave excitation should be much

more rapid during a hurricane. Other features measured in

the Illen response included topcgraphical dependence, and

the vertical phase locking during the first few inertial

period (IP) fcllcwing the storm.

The baroclinic response of the ocean to a hurricane was

modeled by (Price, 1983) using a multi-level, inviscid

21
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model. The scales and energetics of the simulated inertial

respcnse were similar to nixed layer data collected by a

Sol& data buoy during the passage of hurricane Eloise. The

horizontal and vertical scales, as given in Table I, were

quite large in comparison to the thickness of the thermo-

cline (200 i). The maxigum energy of the inertial-internal

wave otion was predicted to occur at a distance of twice

the radius of maximum winds, hereafter referred to as the

maximum wind regime, which was roughly 80 km for Eloise.

Further, the rate of vertical energy propagation was large

in ccmparison to both the Allen and 'site D' observations,

and accounted fcr the depletion of energy from the mixed

layer. Other mechanisms, such as KU instability (Pollard et

n., 1973 ; Garwood, 1977) and turbulence (Bell, 1978), act

to remove energy from the mixed layer. However, these phe-

nomena were neglected as mixing was not explicitly included

in the model formulation.

Greatbatch (1983) modeled the nonlinear response of the

ocean to a moving storm. The major results were that the

transition between upwelling and downwelling zones in the

oscillatory wake was rapid, and that nonlinearities account

for the displacement of the maximum response to the right of

the storm track.

22
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model. The scales and energetics of the simulated inertial

respcnse were similar to mixed layer data collected by a

NOAk data buoy during the passage of hurricane Eloise. The

horizontal and vertical scales, as given in Table 1, were

quite large in comparison to the thickness of the thermo-

cline (200 m). The maxigum energy of the inertial-internal

wave motion was predicted to occur at a distance of twice

the radius of maximum winds, hereafter referred to as the

maximum wind regime, which was roughly 80 km for Eloise.

Further, the rate of vertical energy propagation was large

in comparison to both the Allen and 'site D' observations,

and accounted fcr the depletion of energy from the mixed

layer. Other mechanisms, such as KB instability (Pollard It

-al., 1973 ; Garwood, 1977) and turbulence (Bell, 1978), act
to remove energy from the mixed layer. However, these phe-

nomena vere neglected as mixing was not explicitly included

in the model formulation.

Greatbatch (1983) modeled the nonlinear response of the

ocean to a moving stcrm. The major results were that the

0I transition between upwelling and downwelling zones in the

oscillatory wake was rapid, and that nonlinearities account

for the displacement of the maximum response to the right of

-the storm track.
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Ill. DATA ANDQ AAfLLA METHOD!~

A. CURRENT METER DATA

Ten Aanderaa BCM-5 current meters were deployed on three

moored taut-wire arrays ir depthis ranging from 100 to 470 m

in the northern Gulf of Mexico. These current meters sam-

pled ccean current speed, direction and temperatures at 10

minute intervals. Two current meter arrays (CMA2, and 3)

* were deployed on adjacent sides of the DeSoto Canyon where

bathymetric ccntcurs converge to form the head of the canyon

(see Fig. 1) . The other scoring was deployed closer to the

coast in a depth of about 100 m of water where the isobaths

are nearly parallel to tke coast. A synopsis is given in

'1Table II of tke storm period observations,, which extends

from a few days prior to hurricane passage (12 September) to

the end of the deployment Feriod (mid-October) .

The quality cf the data is generally good; however, the

lengths of the time series are not all the same. For

instance, the Savonius rctors were eventually lost from all

current meters in the mixed layer due to the large current

speeds. These large mixed layer current speeds are not

23



corrected for rctor pumping, which is a function of the

mooring design as well as the large direction vane of the

Aanderaa current meters (Fofonoff and Ercan, 1967) . In

addition to tke rotor problems, temperature records from all

mixed layer current meters were unrecoverable because the

ocean temperature exceeded the threshold temperature of the

thermistors of 21.5 OC . Sea surface temperatures 325 km

south-southeast of the mooring sites, as measured by NOAA

Buoy 42003, reacked 28.80C (Johnson and Renwick, 1981).

B. STORK TRACK

The storm track is based on the best position data on

hurricane Fredericls movement through the Gulf of Mexico

(Rebert,1979). Because of the intensity of Frederic, recon-

naissance aircraft corstartly monitored the storm. Frederic

increased to maximum strength, maximum winds or minimum

barometric pressure, 80 to 130 km vest of the CMA sites

about 2100 GMT 12 September (see Fig. 1). A visible photo-

graph of Prederic from a GOES satellite at 2001 GMT 12
September clearly delineates a well developed eye of about

• %

140 tc 50 km in diameter (Figure 2). The translational speed

of the hurricane at this time was about 7 to 7.5 m/s as it

approached the Gulf Coast, which was much larger than the
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internal wave phase speed. Thus, an inertio-gravity wave

respcnse is expected in the wake of hurricane Frederic

(Geisler, 1970).

TABLE II

A Syncpsis of Stcra Period Observations

meter Record Start End
Depth Length Time Time
(I (aMs (GNT) QGMT) Variables

CMII

21 0 Nc hurricane data
*49 2241i 00140 5 Sep. 0600 27 Sep. ii'v

64 161.6 0040 5 Sep 1920 1 Sep. uv,T
92* 20.79 0040 5 Sep. 2040 25 Sep. u,v,T

* &L2

19 24.67 0040 5 Sep. 1650 29 Sep. uv
179 22.63 1920 7 Sep. 0100 30 Sep. u,v.T
324 24.16 0040 5 Se 1900 29 Sep. Uv,T

CIMA3

21 24.91 0100 2 Sep. 2200 26 Se uv
251 36.00 0100 2 Sep. 0100 8 Oct. U v,T
437 35.69 0100 2 Sep. 1730 7 Oct. U V,T
457 .1.54 01CO 2 Sep. 0000 4 Oct. u'vT

* time clcck s nchronization problems
u,v a horizontil velocity components
T = temperat r e
GMT G Greenulch Mean Time
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C. WIND FIELD

Wind field data were obtained from shore stations at

Mobile, Alabama and Pensacola, Florida. These records indi-

cated that the surface wind speed did not exceed 40 m/s.

However, other reports suggested that wind speeds ranged

between 48 to 58 r/s as Frederic made landfall (Hebert,

1979). These discrepancies are attributed to local boundary

effects and the non-representativeness of wind data col-

lected in the coastal regicn. Marine winds were also meas-

ured by NOAA Euoy 42003 (Jchnson and Renwick, 1981). Wind

speeds at this location never exceeded 35 m/s. The eye

clearly passed over the bucy as indicated by the minimum in

the wind field as the direction changed from 40 to 200 0

True (Fig. 3), with a corresponding decrease in pressure to

959 uillibars lmb).

D. VIRTICAL TENDERATURE GBADIENTS

The AZBT data collected by the National Hurricane

Research Divisicn, as reported by Black (1983), are used for

the ccmputaticn of the Brunt-Vaisala frequency. These data

were collected after the ;assage of Frederic in the area of

current meter array deployments near the DeSoto Canyon (see

Fig. 1).
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The vertical density profiles are computed at 10 m

intervals using the LXBT data and climatological data from

N&VOCEANO thrcugh the equation of state

P - Po(1-a(T - To))
P 0 0(1

where p is the density, T is the cbserved temperature, To

and p, are tke reference temperature and density respec-

tively from climatology, and a is the thermal expansion

coefficient, uhich is taken to be 0.0002/OC o Some error is

expected due tc the neglect of the salinity term. However,

an ezamination of the climatological T-S diagram, for the

DeSoto Canyon area indicates that density variations are due

to temperature rather thar salinity effects. The B-unt-Vai-

sala, N2 , frequency is computed using a centered finite

difference frcu the expression

N 2  A p_ _
P Az2  (2)

where g is the acceleraticr; due to gravity andAP/Az is the

vertical density gradient. Since the AXBT data only

- extended to about 250 m, it vas necessary to extrapolate the

vertical tempezature gradient to 470 a. The temperature is

29



assumed to decrease uniformly at a rate of 0.0311 OC/m from

250 to 470 m (Fig. 4). The corresponding uniform increase

in the density produces a constant Brunt-Vaisala profile.

T (OC)
7. 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5

I * I *IN (p ) 11

S0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 5.0 9.0

v-4/

'Ie

Figure 14. Vertlcal.T emperaturg and Brgnt-Taisla Freg ncPrcf tes T Te abscissa depicts the Brunt- Valisala
fle penc; I ol id) and temperature (dashed) from

B ak 1

E. TEMPORAL AND SPATIAL SCALES

* The iccal variations in the bottom topography at the

DeSotc Canyon (see Fig. 1) are appproximately parallel and

30



normal to the coast at CMI2 and CMA3. For example, north-

south flow at CMA2 is in the crcss-shelf direction, but it

is in the alcng-shelf direction at CMA3. Henceforth, a

Cartesian coordinate system is used to represent the hori-

zontal velccity components in the x and y directions, where

moticn to the east and tie north corresponds to +u and +v

current velocities, respectively.

The fundamental time scale used in this thesis is an

inertial period, which is equal to 24.10, 24.25 and 24.47 h

at CMA 1,2 and 3 respectively. In the following calcula-

tions, the Inertial Period (IP) will be set equal to 24.4 h.

The intrinsic length scales are either the radius of maximum

winds, approximately 40 ka for Frederic, or the Rossby radii

of deformation, which are given in Table III for the baro-

tropic and first three barcclinic modes. These deformation

radii are based on the inertio-gravity wave phase speed com-

puted from the Sturm-Liouville problem, which will be dis-

cussed in a later section. For convenience, the scales in

the x and y directions will be referenced as cross and

along-track scales respectively, because the storm track was

nearly perpendicular to the coastline.
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TABLE III

Rossby Radii of Deformation

Phase Deformation
Mode Speed Radiia_ o. (M/..) _s

0 68.0 950.
1 4.0 56.

2.2 30.
1.3 18.

F. COMPUTATION OF SPECTRA

The energy and cross spectra are computed in the follow-

ing manner: (1) the mean is computed and is extracted from

the time series; (2) a Tukey data window is applied to the

data; (3) the data are transformed into frequency space via

the Past Fourier Transform (FFT) ; and (4) the transformed

data are spectrally averaged over bandwidths which vary in

width with frequency, and are closely tied to the computa-

tion of confidence levels. The number of data points trans-

formed by the IPT used in the spectrua analyses does not

have to be proportional to 2h , where n is an integer. The

general FFT is advantageous in the analysis of events

because of their transient nature. However, in the analysis

of the spectra, equal numbers of data points are used to

avoid leakage and smearing of energy from adjacent frequency

32a ft
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bands (Otnes and Enochson, 1978). Finally, the higher fre-

quency energy abcve the Nyquist frequency, 1/(2 & t) where

d, t is the sampling interval, is eliminated to prevent ali-

asing of the spectra.

The HKI is decomposed into the clockwise (CW) and coun-

terclcckwise (CCV) rotating components using the rotary

spectrum metbod outlined in Gonella (1972) and Mooers

(1973). The main results of this analysis are the rotary

spectrum, ellipse stability and orientation, and rotary

coefficient. The orientation of the ellipse indicates the

direction of the horizontal phase velocity, while the sta-

bility indicates the variability in the ellipse orientation.

& high stability index indicates that the wave motion is

anisotropic, or that the horizontal direction of phase pro-

pagation is unidirectional. Conversely, a low index of sta-

bility implies that the directicn of phase propagation is

random or isotropic. The rotary coefficient indicates the

amount of confidence that can be placed in the rotary spec-

tral estimate and the rotational component that dominates

the rotary spectrum. For instance, a +1.00 implies that the

notion is polarized in the CV direction. A more rigorous

mathematical treatment is given by Gonella (1972) and Hooers

(1973).
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G. COMPLEX DEODULATION

A useful method for determining inertial oscillations in

a time series of ocean current measurements is through the

use cf the complex demodulation method (Perkins, 1970) . The

mathematical details are given in Appendix k. This method

can te implemented either by linear filtering or by perform-

ing a least squares harmcnic analysis on the time series.

The linear filtering method is preferred because data

points are lost whenever karmonic analyses are used to form

the time-varying amplitudes and phases of frequency depen-

dent motions. This is especially useful in the analysis of

events when all data points are needed to resolve the tran-

sient motions. A major disadvantage of the linear filtering

methcd is that it only applies to discrete frequencies,

whereas the least squares method can treat all frequencies

within the constraints of the time series.

Initially, the data are band-pass filtered between 18

and 30 h to limit the frequency content in the time series

to near-inertial notions. These filtered data are multi-

plied by the trigonometric arguments of the ine-tial fre-

quency. At this point, sone higher frequency notions have

been introduced into the time series (Appendix A) and these
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V are removed by low-pass filtering the data at 22 h. The
'S

resultant time series is manipulated to form the instantane-

ous amplitudes and phases of the inertial motion. The final

set of time-varying amplitudes and phases provide a local

harmcnic analysis, or more explicitly, a time series of

spectral estimates for inertial motion. The filter used in

the demodulation was a Lanzcos square taper window with 241

weights (Fig. 5).

The band-pass filtered, mixed layer velocity components

at CHk3 are excellent examples for using complex demodula-

tion (Fig. 6). As the current velocities increase in

response to the storm, the amplitude of the forced inertial

wave increases as well. The inertial wave amplitudes modu-

late the increases and decreases in the mixed layer veloci-

ties. After the maximum velocities occur, roughly 2 IP

following hurricane passage, the strength of the currents

A decreases linearly with e-folding scales of about 4 IP.

This type of e-folding behavior is very common in amplitude-

modulated signals.
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30 242'2 178 (h)

- Figure 5. Fe uency Respcnse for the Band-pass and.Low-pass
Fil ers. The Land-pass filter response is
rtyresented by the solid line while the low-pass
filter response is shcwn by the dotted line.

r 40

0

0 4

> -40

246 253 w v 7 ze1 285 m
Time (Julian Days)

Figure 6. Band-Pass Filtered mixed layer 7 Velocity
Ccoponent at CHA3.
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.4..IV- STOW PERIOD

In the following analyses, the data are divided into two

pericds: 1) tke storm period observations as previously

described in Table II; and 2) the quiescent period which

encompasses the period from the start of the data to a few

days prior tc the storm. This chapter focuses on the iner-

tial, subinertial and superinertial response in terms of

energetics and scales of action to hurricane Frederic. The

quiescent pericd observations and results are given in

Appendix B. For convenience, the terms shallow and deep

will refer tc the regicns where CNAl and CMA2,3 were

deplcyed.

A. INERTIZL RESPCNSE

Hurricane Frederic passed about 80 km west of the DeSoto

Canyon at 2100 GMT 12 September (JD 255) 1979. The current

speeds began to increase at 0700 GMT or approximately 14 h

prior to the time of closest approach. The currents in the

mixed layer at CMA2 increased to a maximum within an IP fol-

lowing the passage of Frederic (Fig. 7). The storm caused

the horizontal velocity to oscillate with periods of about

24.3 h and to rotate in a CV direction, which indicates the

37
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presence of inertial waves in the mixed layer. These waves

then decreased in amplitude over e-folding scales of 4 IP.

The storm also caused the u-component to flow in the oppo-

* -site direction from that cf the pre-storm flow, whereas the

v-component increased markedly in amplitude. The near-bct-

torn current speeds (shown later) began to increase withIn 3

h after the mixed layer response.

-. 4

80

-02

-40-

6-~

80-

CL. 0-

-40-

20 2W Mo M2M4 a.nzi
Time (Julian Days)

Figure 7. Mixd Lyjr yelocitv opnnsa ~2 The
crd un te p epcts th magn tude of the horizontal
velcc ity components in cu/s for the east west
current (upper) and north-south curreout (oer).
The hatche area depicts the period of hurricane
passage.
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In the mixed layer at CMA3, the storm amplified the

pre-storm currents to a maximum of 135 cm/s (Fig. 8). As at

CMA2, this increase in the currents is a manifestation of

inertial wave excitation. However, the inertial response at

CMA3 was different from CMA2 in that the kinetic energy of

the waves was larger and persisted longer (approximately 2

IP). The energy of these waves then decreased over e-fold-

ing scales of 4 IP. The increase in near-bottom current

(shown later) cccurred within 4.5 h following the mixed

layer response.

These bcrizontal differences of the inertial response in

the mixed layer between CMA2 and CMA3 are observed in the

amplitude changes of the HKE (Fig. 9) . The initial increase

in kinetic energy at the two arrays was similar. The maxi-

mum in kinetic energy occurred first at CMA2 and led the

mixed layer maximum at CM1A3 by about 3 h. The differences

in HKE levels were quite pronounced. For example, the mixed

layer SKE level was roughly 60 % cf that found in the mixed

layer at CNk3, even though CMA2 was closer to the eye of the

storm. This large difference over a distance of 34 km may

be due in part tc the strcnger mean current at CMA2, which

may have reduced the amplitude of the inertial waves. The
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Figure 8. Siiilar to Fig. 7, except at C~it3.

direction oi tke mean flow and the horizontal phase propaga-

tion of the iner .ial waves (shown below) roughly coincided,

which suggest.s that there may have been some interact-ion

between them. Following these maxima, the energy decayed

~with an c-folding scale cf LI IP at both arrays. Forced

inertial waves in the mixed layer that vary in space and

time are one mechanism to drive inertio-gravity waves i.n the

subsurface layers (Krauss, 1972a,b).
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.he vertical differences in the inertial response were

even more dramatic. In the deep thermocline (251 m) at
CMA3, the increase in the currents was sensed within 2 h

follcuing the nixed layer response (Fig. 10) . The initial

maximum cccurred within an IP (JD 256) after the winds

relax, which was followed by inertial oscillations in the

horizontal currents. In the presence of stratification, the

particle mcticns are elliptical rather than circular as

observed in the mixed layer. The amplitude of inertio-grav-

ity waves decreased slightly following the initial response.

About 10 IP later, the current increased to a secondary max-

43um that nearly exceeded the initial maximum. The u-velo-

city essentially defined an amplitude-modulation envelope

that collapsed and expanded in time and persisted for 21 IP

follcwing the initial maximum. The near-bottom currents at

CHA3 (shown later) behaved in a similar manner except that

the secondary maximum occurs 6 IP following the storm.

The vertical changes in the currents at CMA3 are even

more apparent in the progressive vector diagrams (PVD),

- -. which are Lagrargian representations of the Eulerian meas-

9. urements. That is, the ccntinucus current measurements are

integrated with respect tc time to approximate the
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Figure 10. Siuilarljc rig, 8, exceFt in the deep
termocline (531 m)

trajectory of the water parcels at that point. The horizon-

tal velocity components in the mixed layer at CMA3 defi-

nitely showed the classical, C9 rotating vector associated

with inertial waves (Fig. 11a). Prior to the storm, small

scale, freely propagating inertial waves were present, and

they were subsequently amplified in response to the storm.

These forced waves were superposed on a southward mean flow

that increased in magnitude in response to the forcing. The

horizontal displacement over successive time intervals of 2

43
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IP increased followirg stcr3 passage. After the maximum

*5current velocities near JD 258, the amplitude of these

forced, near-circular ineztial oscillations decreased.

9

.a.

N

E

Scalet j- fkk

Figure 11. Progressive Voqtor Diagrams at CRA3. The*
S.~t resoents sa tIe span of 48 h starting on JD

241 for Imixed layer (21 a), and b) the deep
tkerbocil nc (291 i).
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In the theruccline (Fig. 11b), the storm amplified the

freely propagating inertic-gravity waves. However, the

dimensions of the ellipses are distorted because of the

increases in the mean flcw between JD 257 and 261. This

period was immediately fcllowed by decreases in the rean

flow until JE 265, when the inertio-gravity response was

more pronounced. The pericd of increasing and then decreas-

ing mean flow corresponds to the approximate modulation

envelope and lag period cf 10 IP between JD 256 and 266

(Fig. 10). Ifter 3D 266, the modulation envelope started to

collapse as the inertio-gravity waves decayed in amplitude

with an e-fclding scale of about 4 IP.

The vertical propagaticn of the energy, which is a con-

sequence cf the generation of inertio-gravity waves in the

theraccline, is indicated by the vertical differences in the

HKE between the mixed layer and the thermocline (Fig. 12).

In the mixed layer, the saximum HKE occur-ed approximately

one IP following the storm and persisted over the next 2 IP.

Subsequently, a relative maximum was reached in the deep

thermocline about 2 h after the surface maximum, and it was

only 5 to 8 % cf the maximum HKE in the mixed layer. Based

only on these initial phase differences between the velocity

4,5
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compcnents at the two levels, the vertical propagation of

energy would te about 3 c/s (2.6 km/d) . The thermocline

HKE then remained nearly constant over the next 4 to 6 IP.

On JD 262, tke thermocline HKE gradually began to increase

as the vertically propagating energy from the mixed layer

accumulated. Using this 10 IP lag period, the vertical pro-

pagation of energy is about 0.03 cm/s (26 m/d). The first

estimate of 2.6 km/d is about 1 tc 2 orders of magnitude

greater than the Eloise and Allen observations (see Table

I). However, the second estimate of 26 m/d is much more

comparable to the Allen estimates. The propagation of

energy will be addressed below using the dispersion relation

of inertio-gravity waves. The phase propagation was clearly

upward over the first 10 IF following the storm. Over the

subsequent 10 IP, the proFagation was not as clear as phases

in the mixed layer became erratic, presumably due to the

decreasing energy levels or spectral broadening.

The inertial peak dcinated the HKE spectra at both

'I*locations and at all depths. The change in the inertial HKE

between the surface and bcttom layers was about an order of

magnitude, while the energies between mid-depth and interme-

diate levels did not change significantly at CHA3 (Fig. 13).
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Although the inertial peak was prominent, the variability in

spectral shapes was due tc the differences in the background

continuum cf internal waves which varies with depth (Fu,

1980) and kandwidth averaging.

The SK spectra are decomposed into CW and CCW rotating

compcnents to clarify the rotational characteristics of the

inertial wave motion. Tke spectral peak near the inertial

frequency vas shifted about 3-6% higher than the inertial

frequency and it dominated the CW spectra calculated from

the mixed layer velocity measurements at CMA3 (Fig. 14).

The rotary spectrum estimates for the inertial period

motions are given in Table IV. The CV, inertial HKE vari-

ability estimates are generally 1 to 2 orders of magnitude

larger than the CCW rotating motion. In comparison, the

subinertial (periods of 3 IP) and superinertial (periods of

12 h) CW spectral estimates are more than an order of magni-

tude less than the inertial moticn (Tables VII and VIII).

At all levels at the deep region, the positive rotary

coefficients approached unity, which indicates that the

waves were polarized in the CW direction (Table IV). The

direction of tke semi-major axes of the inertial ellipses at

CHA2 rotated CV with depth except near the bottom. The
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TABLE IV

Normalized Rctary Spectrum Analysis at Inertial Frequency

Normalized
Rotary
Spectra Ellipse

-epth CW CCW Dir. Rotary
42) mUs) /ah mb. (Deg.) Coef f .

49 6.7x 10+3 1.3x10+3 0.81 18 +0.68
64 2.5x10+3 1. 14xl0+3  0.20 65 +0.62

b) g.&2

19 1.8x10 s 3.5x10+3 0.90 60 +0.96
179 4.6x10 +4  3.7z10 + 2 0.95 80 +0.95
324 2.8x10+4 1.3U10 +2 0.30 60 +0.96

21 4.Ox1O $  2. Ox10+3 0.87 50 +0.98
251 1.4x10 + 5 6. lx10+2 0.63 90 +0.98
437 1.2x10' 6.3x10+2 0.50 150 +0.98
457 6.2x10 + 5.OxO10 + 2 0.77 160 +1.00

direction of the near-bottom ellipse rotated CCV with depth

between the ttermccline (179 m) and near the bottom (324 m).

The stability of the ellipses indicated that the inert al

moticn near tle bottom at CMA2 was isotropic. In contrast,

inertial cacillations were strongly anisotropic at all of

the cther depths in the deep region. The inertial wave

response at CNAI was markedly less intense than at CMA2 or

CRA3, but it was polarized in a CW sense. The reasons for

the semi-diurnal tide at CHA1 being much more energetic than

the inertial ction is explained below.
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The vertical and horizontal coherences are computed to

estimate the spatial scales. The spatial scale L is com-

puted from the cross-spectral phase relationship using

360(3)
L 6-( Ad 3)

where &d is either the vertical or horizontal distance

between the current meters and &0 is the phase difference

between similar velocity ccmponents (Pollard, 1980) . This

analysis is restricted to the CK&2 and 3 due to the absence

of an energetic inertial response at CHAl (Table V). Esti-

mates of vertical scales are more accurate than the horizon-

tal scale estimates because the vertical spacing of the

current meters below the lixed layer is not the same at the

two arrays. These scales calculated from the entire storm

time series will be compared below with the scales calcu-

lated from the instantaneous phases.

The vertical cross-spectral analyses (Table V) indicate

that the inertial response in the mixed layer led the near-

bottom response. The normalized cross-spectrum variance

between the vert.cal levels was about a factor of two

greater at CMA3 than at CH12. The vertical scales computed

from (3) are about 360 and 540 m at CMA2,3 respectively.
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That is, the inertial motion had scales of the order of the

water depths at both arrays and was coharent at the 95 1

confidence level.

TIBLE V

Vertical and Horizontal Coherencies at the Inertial
Prequen cy

Nortalized
Cro-e-S pec t;a squared Phase. . U; a.41"'M vHaln. .FhSi 0 r c e (fte.)

2 U (S) ,u(b) 3.2xI0 ' 0.62 -50
2 v vbl 2.7xl0+' 0.60+ -70
3 1s) .u(b 6.5x10 + 0.70 -55
3 v sa ,v(b 6. Cx1O ' 0.80 -50

3,2 u is 1.9x10+5 0.98 -45
3 2 v s1.6x10*5 1.00 -55
3,2 u bI 2. 3z10 +4 0.98 -20
3,2 v b) 2.lz1O+' 0.95 -30

* nct significant at 95 1 confidence
* spectra assumes an average inertial frequency of 0.0412 cph(sa) surface layer (Clii2 - 19 a ; CMA3 = 21 *

=b) bottcm layer (CA2 - 324 a ; CR3 = 457 m)

The instantaneous phase differences of the velocity com-

ponents between the two records can also be used to estimate

the vertical scales (Fig. 15). Initially, the estimated

vertical scales at CR13 were much greater (typically 800 to

900 m) than the water depth, but after JD 257 the estimates

were consistently of the order of the water depth. The
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large vertical scales observed initially agree with those

estimated from the Eloise simulations by Price (1983) and

the Allen cbservations by Brooks (1983). At CMA2, the ver-

tical scales had similar trends and converge to scales of

the crder of the uater depth.

The horizcntal cross-spectrum estimates (Table V) indi-

cate both velocity components were coherent in the mixed

layer. The corresponding scales, as estimated from (3), are

20 and 35 km in the east-west and north-south directions

using an array separation of 34 km. initially, the horizon-

tal scales were set by the atmospheric forcing, but these

estimates may be somewhat biased because the entire storm

time series was used in the computation of the spectra. The

cross-spectrum variance between the two near-bottom records

was about cne order of magnitude less than in the mixed

layer. However, these values are significant at the 95 %

confidence level as indicated by the coherence squared. The

respcnse at CIA2 leads the response at C113 by about 2 h.

The horizontal scales near the bottom calculated from (3)

are 20 and 35 ka in the east-west and north-south direc-

tions, respectively. The differences in the scales are due

to the larger scales set up by the hurricane in the
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along-track (nerth-south) than in the cross-track (east-

'U.- west) directions. These estimates of scales may be somewhat

misleading because of the instrument depth difference (135

m), although tkey agree well with mixed layer estimates.

The instantaneous phase differences between the mixed

layer currents indicate that the horizontal length scales

were set by the storm initially (Fig. 16). The scales

decreased rapidly and approached constant values of 60 and

100 km in the east-west and north-south directions, respec-

tively. These scales in the mixed layer are roughly 1-2

times the baroclinic Rossby radius of deformation for the

first mode (56 kin). The estimates of the horizontal scales

of inertic-gravity waves in the thermocline are computed

i.1 from the tottcm and id-depth instantaneous phase differ-

ences in the U-velocity ccuponent at CHA2 and CHA3, respec-

tively (Fig. 17). The east-west and north-south scales in

y the thermocline immediately after hurricane passage are

roughly the same as in the mixed layer. After 4 IP, the

scales revert tc the pre-storm scales of 25 and 50 km in the

east-uest and north-south directions, respectively. Some

caution is advised in accepting these astimates due to the

large depth difference of 73 m. In a later section, it is

56.2.
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suggested that the energy was contained primarily in the

- barotropic and first two taroclinic modes. Hence, a d.pth

" difference of 13 m may be acceptable within the deeper ther-

socline because of the relatively large displacement of the

isotherms, tte large vertical scales, and the amount of

energy contained in the barotropic mode.

The estimates of vertical energy propagation speed are

computed only cn the basis of the lag times between the sur-

face and sutsurface response (Table VI). In the first case,

the response is felt at the bottom of the water column

within 3 to 4.5 h after increases in the mixed layer are

detected. Tle initial response corresponds to a vertical

scale of roughly 900 m (Fig. 15). This lag of 3 to 4.5 h

results in a vertical energy prcpagation speed of 2.6 km/d

which is roughly I to 2 orders of magnitude greater than the

values calculated by Brooks (1983) and Price (1983). The 10

IP lag in the second maximum observed at 251 m represents a

vertical energy propagaticn speed of 26 m/d when the verti-

cal scale is about 500 a. This vertical propagation of

energy agrees quite well with the estimates derived from the

Allen observations. However, there is also a second maximum

observed near the bottom atout 6 IP following the storm.
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Consequently, the vertical (CSS and horizontal (C JA

group velocities are calculated from the following expres-

sions (Brooks, 1983)
= N N 2

Cgz a N tan 2 (4)

gc M a 2  2

NgH =tan 7 (5)

where a is the observed frequency, m and k are wavenumbers

in the vertical and horizcntal cross-track directions, and

tans = k/u. The wavenumbers m and k are equal to 2r /L2 and

27 /Lrespectively, where La and LU represent the vertical

and horizontal scales as estimated previously. The assigned

values to the variables in (14) and (5) are

or = 7.54 x 10-9 rad/s,

N2 - 3.30 x ic-s rad2/s2,

a au 6.98 x 10-3 rad/m,

m = 1.16 x 10- rad/m,

k a 1.05 z 10-' rad'm.

The initial vertical group velocity is 1.25 km/d as com-

puted from tkoe dispersion relation (4) with an initial

scale of 900 a (Table VI). This estimate is about half of

45
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IAB LE VI

Ccmparison of Vertical and Horizontal Group Velocity.

Vertical Brooks * Price
scales (1983) (1983)

vetcl 900 a 500 a

Grcup
Velocity

I1 Leg Time 2.6 0.03
Dispersion 1.3 C.27 .06 .160 1
(km/d)

Hcrizontal
Group
Velocity

.Dispersion 80. 30. 23. 86.(km/d)

I From Brooks (1983)

the one ccmputed based on the initial lag time and is still

$ an order of magnitude larger than the estimates computed

from the Eloise simulations. After a few IP, the vertical

group velocity is about 0.27 km/d, which is of the order of

the Eloise estimates of abcut 0. 16 km/d (Price, 1983). Fur-

thermcre, this estimate is about one order of magnitude

larger than the value of 0.02 km/d that Brooks (1983) esti-

mated from tle Allen observations. Clearly, the initial

storm forcing causes energy to propagate vertically at a

significantly higber rate than after a few IP following the

storm.

40

61



-. 4

The hcrizontal propagation of energy is a much more

rapid than the vertical propagation (Table VI). The grcup
velocity estimate for the Frederic observations is initially

80 km/d; and it decreases to abcut 30 km/d a few IP follow-

ing the storm. This difference is due to the tan2  depen-

dence on m as previously defined. The initial horizontal

group velocity estimate agrees with the Price (1983) esti-

mate whereas the lower value agrees with the Brooks (1983)

estimate. Tke horizcntal phase speeds of the inertio-grav-

ity waves in the wake of Frederic are about 70 cm/s with a

vertical phase speed cf rcughly 1 cm/s.

In summary, inertial waves maintained a constant ampli-

tude over I to 2 IV fcllowing the passage of Frederic.

These oscillations in the mixed layer then relaxed over an

e-folding scale of about 4 IP. In the subsurface layers,

the forced inertio-gravity waves decayed over similar time

scales after tke appearance of a secondary maximum. The lag

between the initial impulse of energy and the second subsur-

face maximum varied over depth. For example, this period

was about 10 IP at 251 m, but it was only 6 IP at 457 m.

These lag values define a modulaticn envelope which evolves

in time. If vertical prcpagation of energy from the mixed
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layer alone accounts for these secondary maxima, why do the

maxima occur later in tke deep thermocline than near the

bottom ? Cther mechanisms besides dispersion of energy from

the mixed layer must be responsible. For example, nonlinear

resonant interactions among the inertio-gravity waves could

be responsible (McComas and Bretherton , 1977). Analyses of

these interactions are beycnd the scope of the present work.

The initial vertical scales of the inertio-gravity waves

in the wake of Frederic are approximately equal to the

Eloise and Allen estimates. However, after a few IP the

vertical scale decreased to about 500 m or approximately the

water depth. The horizontal scales estimated from the Fred-

eric cbservaticns differ greatly from the Allen data and

Eloise simulations. The horizontal scales during Allen were

four times the mixed layer horizontal scales observed immed-

iately after the passage of Frederic. This difference

increased to a factor of about eight approximately 4 IP

after Frederic. These discrepancies may be due to the rug-

god bottom topography in the DeSoto Canyon region.

B. SUBINEBTIAI BESPONSE

The forcing by hurricare Frederic also altered the "mean

flow" and the lower frequency motions (periods greater than

63



-i -V - %%7.. _;--: .' . .. .- -.. - - -j , . ... .... . . o . . , .,....- . . . , . .

3 IP). The variability and respcnse of the mean flow to the

forcing is depicted in progressive vector diagrams (PVD).

The ocean current data were low-pass filtered with a half

power point at 26 h to isolate the forced response on the

lower frequency variability.

The mean flow in the mixed layer at CMA2 was directed

towards the east prior to the stcru (Fig. 18a). During the

passage of hurricane Frederic near JD 256, there was only a

small deflection in the mean flow. The subsequent horizon-

tal displacements indicate that the mean flow was about 26

km/d. or almost twice the mean current during the pre-storm
. period. The mean flow at 179 m (not shown) at CMA2 alsoA

increased towards the east.

The bottom PVD at C312 indicates that the mean flow at

that level was more or less constant (Fig. 18b). However,

the direction of this flow was opposite to that observed in

the mixed layer. Consequently, the bottom PVD was nearly a

mirror image of the surface PVD, although the bottom flow

was slower than that of tke ixed layer. There was also a

superposed lover frequency motion of about 3 IP near the

bottom, particularly durirg the period between the initial

and secondary maxima of HKE (first 6 IP in Fig. 9). The

'.%
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4" lower frequency oscillaticns may be due to coastally trapped

waves, which were enhanced by the storm, since waves of the

same period were observed during the quiescent period

* (Appendix B). These waves can be altered by both bottom

topography and continuous density stratification (Wang and

Mooers, 1976). A study of the mechanisms by which the mean

flow is altered by these waves and the rugged terrain is

also beyond the scope of this thesis.

At CHA3, the surface mean flow was southward pricr to

the storm (Fig. 19a). At the time of storm passage, near JD

256, the surface mean flow was deflected outward from the

storm center. Between JD 257 to 269, the mean flow acceler-

ated to about 13 km/d and then decelerated to about 6 km/d

towards the south. Prior to the storm, the mean flow near

the bcttom at CHA3 was ncrthward following the local bottom

topography (Fig. 19b). There was an eastward (up the canyon

slope) deflection late on JD 256. After completing a loop,
S%

the mean flow veered towards the northwest (down the canyon

slope). Between JD 254 to 263, the mean flow near the bct--pi
tom was considerably faster than either earlier or later

times. Again, the mean flow near the bottom was reversed

relative tc that in tbe mixed layer.
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Scale: 20-k

a~ta

Ze.

,2,

Scale: -
70 km

Figure 18. Lcw-pass Filtered PVC at CMA2. The * repr esents
,a time Interval of 48 hi starting on JD 28 for
al mixed layer (19 m) and b) bottom Layer (3214

*Thermocline temperatures in the wake of Frederic varied

spatially as well temporally. There were sizeable subiner-

tial oscillaticne as well as near-inertial oscillations in

the temperature signal (Fig. 20) . These temperature varia-

tions were typically 3.0OC at both array sites and were

superposed on mean temperatures that raage between 13.0 to
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S.I

Scale: I~-------
* 30 km

Scale:
20 km

E a

Figure 19. Lcv-pass Filtered PVC at CMA3. The * represents
a tie interval 9f 48 h starting on JD 2 5al.mizel layer (21 a) an b) bo't'om Layer (4%5

14.50C in the thermocline. At CMA3, the temperature at 251

a started to increase about 0600 GHT on JD 255 and continued

to increase over the next 15 h due to the strong northward

current. The temperatures then decreased by 20C due to a

strong southward current. Inertial fluctuations of abcut

30C persisted cver the subsequent 8 IP After this time,
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the variations underwent a slight increase in frequency

which correspcnded to about the time of the secondazy maxi-

mum in the horizontal velocity components. For the remain-

der of the record, the temperature variations were

superposed on a stationary mean.

Eottom temperature variability at CHA2 is a clear exam-

ple cf advective processes that are associated with lower

frequency otions (Fig. 21). On JD 254 (11 September), a

temperature decrease of 1.30C over a 16 h period marked the

beginning of the forcing period as cool water was advected

from the DeSoto Canyon. The temperature then increased by
3.70 C over tke next 25 h as warm water was advected by the

southward velocity component which was downslope in this

-44 part of the canyon. As the winds relaxed, cooler water was

again advected into the area. Around JD 260, the tempera-

ture dropped ty 4oC cver an 11 hour period. This drastic

change in temperature was due to the advection of cold water

by these subinertial waves of 3 IP period. From the orien-

tation of the ellipses (Table VII), the direction of the

wave propagation was northward (upslope, away from the

DeSoto Canyon). These waves set up cross-shelf oscillaticns

(relative to CNA2) in the north-south direction. After

. "68
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these large variations, near-inertial oscillations in the

" temperature were superposed on a gradual warming trend.

',BLE VII
Normalized Rotary Spectrum Analysis at Subinertial Frequency

NormalizedRotary
Spectla Ellipse

Depth CW CCW Dir. Rotary

324 4.5x10+3 3.OxlO 3 0.65 10 +0.20
457 4.7x10 3  1. OXlO+ 0.50 10 .0.98

The potential energy spectra were computed using the

temperature time series and the vertical temperature gradi-

ents from the IIBT data ccllected by Black (1983) (Appendix

A). The mcst prcinent peak in the potential energy spectra

at CH13 is near the inertial frequency (Fig. 22). The most

energetic peaks at the semi-diurnal and subinertial frequen-

cies are near the bottom. Potential energy variability in

the bottom layers at cnA2 (not shown) is significant at the

95 % confidence levels only for periods of about 3 IP.

From rotary spectrum analyses at periods of 3 IP near

the bottom: (1) the CV and CCV rotating components at CHA2

were nearly equal, with just a slight tendency towards CV

polarization; and (2) the motion at CMA3 was polarized in a
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Cv sense (Table VII). Furthersore, the phase propagaticn

for these lcnger pericd waves was northward, and anisotropic

as indicated ty the ellipse orientation and stability.

The cross-spectrum between the temperature and north-

south velccity records at the bottom was also dominated by

the peak at about 3 IP (Fig. 23). The corresponding phase

and coherence estimates are 100 deg. and 0.98 respectively,

with the velccity leading the temperature signal. Hence,

these lower frequency oscillations in the cross-shelf direc-

tion at CH12 were properly oriented for advecting the temp-

erature pattern. These cross-shelf oscillations were

respcnsible fcr the variability in the bottom temperature 4

IP after the passage cf Frederic.

C. SUPERIBIRTIAL RESPONSE

As Frederic passed within 130 km to the west of the

CIIA, the dominant respcnse was a significant increase in

the westward current (Fig. 24). This increase was due to

convergence of flow on the right side of the storm. By con-

trast, there was a divergence of flow on the left side of

the hurricane, where water was transported off-shelf by the

winds. For example, a negative tide was recorded at Biloxi,

Hississippi which was indicative of the left side of the

73
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* storm. The north-south current only increased by about 20

ca/s. whereas the east-west current increased to 80 cm/s.

After the hurricane passage# near-inertial waves persisted

over the subsequent 3 IP. The post-storm semi-diurnal tidal

currents were mcre energetic than during the quiescent

period and were superposed on a non-stationary trend. At

the intermediate depth at CHAl, the current speed increased

to 80 cm/s during the period of strong forcing, as the

.- semi-diurnal tidal currents were enhanced.

The presence of internal tides at the semi-diurnal fre-

quency is indicated by the HKE spectra during the storm

, period at CHAl (Table VIII). The spectral estimates in the

semi-diurnal frequency band are almost equal to the inertial

paricd estimates. Baines (1973) shows that one necessary

condition for the presence of internal tides is a marked

increase in the semi-diurnal tidal currents. The observed

increase in tke semi-diurnal tidal currents should be equal

to or greater than the inertial effects. The storm-spectral

estimates at the semi-diurnal frequency exceed those from

the quiescent period by mcre than order of magnitude (Appen-

dix B). I barotropic tide propagating over the shelf break

generates internal tides cf semi-diurnal tidal period
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Figure 214. Kid-depth Velocity Corn onents from CNIl. The
ordinate depicts ma g n ~ude in cm/s of the east-
vest currents (upper) and north-south currents
(lover) .

(Prinsenberg and Rattray, 1975 : Barbee gt 1975 ;Tor-

grinson and Hickey, 1979). Hence, an increased barotropic

tide associated with the storm surge propagating over rugged

bottom topography should enhance the internal tides as mani-

fested in the semi-diurnal tidal currents.
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TIBLE V III

Normalized 8KE Spectra at Inertial and Semi-diurnal
Frequency

Normalized
Meter No. of Data Frequency HKE Spectra
Depth Points Resolution f M2a ( P.A) (-m/. s ) Us.. 2h

cLU!

49 3200 0.0018 2.0x10 ' 1.0x10'+

64 2410 0.0025 3.OxlO3 6.0x10+2
92* 3000 0.0020 1.l4xlO+ 3.2xlO+

* instrumentation problems with time clock
12 is the semi-diurpal tide fre uency band
f is the inertial/diurnal tide frequency band

The dcminance of internal tides on the shelf at CHAI can

be explained ty considering the bcttom slope in the region.

If the bottcm slcpe is greater than the internal wave char-

acteristic, then the rays will not be admitted to the shelf,

but instead will be reflected into the oceans interior (Bar-

bee 11 al, 1975 ; LeBlond and Hysak,1978 ; Torgrimson and

Bickey, 1979). The critical slope for the internal wave

characteristic is given by:

- a 2 -f 2) (6)y N2 _ 2

where f is the local Coriclis parameter, which is equal to

7.18 x 10-9 rad/s near the DeSotc Canyon. The remainder of
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the variables have been defined above. The slope of the

inertio-gravity uave characteristic is about 4 x 10- 3 ,

•* "..whereas in the direction of the canyon axis (45 deg.) the

bottom slope is 6 x 10-3 . Therefore, it is clear that the

inertio-gravity waves will be reflected seaward as the slope

of the characteristic is less than the bottom slope in the

DeSotc Canyon region. Inertial oscillations will be locally

generated on tie shelf but they will only persist for a few

IP fcllowing the storm. The internal tides, however, will

be admitted to the shelf region because the slope of the

semi-diurnal tide characteristic is 2 x 10-2, which is

almost an crder of magnitude larger than the bottom slope.

The semi-diurnal tides were also enhanced at CMA2 and 3,

but they were such less energetic than the inertial waves

(Table IX). The CW polarized, semi-diurnal tidal variabil-

ity was more than an crder of magnitude greater than the CCW

variability estimates, except in the bottom layers at CKA3.

The directicns of the semi-major axes of these waves changed

from 120 tc 20 dog. with depth at CHA2, whereas the opposite

occurred at C!13, where the direction changed from 30 to 50

deg. Hence, the waves were anisotropic and exhibited a

strong north-south ccmponent of flow at CHA2 and to the

northeast at CIA3.
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TABLE IX

Normalized Rctary Spectra at the Semi-diurnal Frequency.

Normalized
Rotary

Cepth CW CCW Dir. Rotary
() (c m/z)./ch Stab. (De.) Coeff.

19 1.3x10+3  4.310+2 0.80 120 +0.30
179 5.Ox10 + ' 9.0110+1 0.73 60 +0.72
324 4.3z10 + 2  1.2x10+2 0.87 20 +0.41

I_) C13

21 1.0z10+ 4  5.5x10+2 0.58 30 +0.55
251 6.7x10+ 2 1.0X10+2 0.92 90 +0.70
437 3.2x10+2 1.3110+2 0.40 40 +0.40
457 2.Ox10 2 1.8110+2 0.15 50 +0.04

In summary, the superinertial response in the wake of

Frederic was dominated by the enhanced semi-diurnal tidal

current at all three arrays. The semi-diurnal tidal cur-

rents were markedly more energetic than the inertial cur-

rents on the continental shelf at CMA1, and agrees with

internal tide theory (Baines, 1973). The storm surge, which

is associated with the passage cf the storm, increases the

barotropic tide. As this increased barotropic tide propa-

gates over rugged bottom terrain in a stratified ocean, the

increase in tie semi-diurnal tidal currents are manifesta-

tions of internal tides (Barbee et a, 1975 ; Prinsenberg

and attray, 1S75 ; Torgrimson and Hickey , 1979). Internal

j 79 ,
I"" ? ? "".. ..-. :'., ' -% ,5: '' :'? "''.::'- -, ,".......,.'.- ' --, .,,.:.-,:,.-.--'



*0FI-0 I* .*

A tides can propagate freely up the ccntinental slops and onto

the shelf, whereas inertia-gravity waves generated off the

sl.ope are reflected towards the interior of the ocean. The

rotational characteristics of the semi-diurnal tides, as

well as the direction of phase propagation of these waves,

are consistent with these theories.
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V. NOR.AL AD.E.

A. THEORY

The Sturm-Liouville prcblea is solved using the vertical

profile of Brunt-Vaisala frequencies and linear wave theory.

The vertical eigenvalues cf the horizontal velocity are then

used to ottain a least squares fit to the Fourier coeffi-

cient time series computed from t!.e demodulation of the cur-

rent meter records. The amount of variability associated

with each mode is determined to assist in understanding the

modal structure of the inertio-gravity wave response gener-

ated ty the passage of a hurricane.

The problem is formulated by following the work of

Fjeldstad (1958) and making the following assumptions:

- f plane;

0 continuous stratification;

* hydrostatic balance with basic state at rest;

• incomrressible;

" inviscid; and

* flat tottcm.
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The governing vertical structure equation for linear, iner-

tio-gravity waves is given by

d2 W + V2 (z)W = 0 (7)

dz 2

where W(z) gives the vertical structure of the inertio-grav-

ity wave, k=l- * F #(z)=Nz- as, and K2 = kZ + 12, and k

and 1 are the horizontal wave number vectors in the x and y

directions, respectively. Furthermore, equation (7) is a

seccnd order, hcuogeneous, ordinary differential equation.

The specification of the problem is completed by imposing

the following boundary conditions:

dz gzW = 0 z=O (8)

dz

W = 0 z=-d (9)

The surface tcundary condition (8) is a dynamic boundary

condition vhich states that at the sea surface pressure is

continuous across the interface. Boundary condition (9)

specifies nc normal flow through the bottom. The solution

to equations (7-9), which define a well known Sturm-Liou-

ville problem, yields the structure of the vertical velocity

for ccnstant I, and, is given by
rrn z.

Wn(z) - sin(--d-) 7 (10)
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where the mode number n-O,1,2.... The horizontal velocity

eigenfunctions U (z) are given by

nn dUn1 (Z) ~ cos(-aq ) ?(11)

which is the vertical derivative of W (z)

The Sturm-Licuville problem is solved numerically by the

predictor-corrector fourth-order method modified by Hamming

(Gerald, 1980). This methcd comutes a new vector from four

preceding values. A fourth-order Runge-Kutta method is used

for the adjustment of the initial vertical increments and

the ccmputaticns of startirg values.

The resulting amplitudes of the horizontal velocity

eigenfunctions fcr modes 0 through 3 are shown in Fig. 25

The number of zero crossings equals the mode number. Mcst

of the vertical structure lies in the upper thermocline

regicn near the base cf tte mixed layer.

B. CATA AULISIS

The horizcntal eigenfunctions are then fitted in a least

squares sense to the time-varying amplitudes of the horizon-

tal velocities. The mathematical details are given in

Appendix A with the final matrix equations (16-18) . The

time evoluticn cf the north-south velocity coefficients at

83



.5

_ ' U (z)
-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0

0i ; ooI I
o. LEGEND

- -.. ,,MODEO0

/'0/ .MODE 1
• '.,/ " 1...... M a M. a ..

-6

o N. .

025

-• .

,o ..I '

07

41*to

Figure 25. crizontal Velocity Eigenfunctions at 29.33 N
ajd 87.11 V. .The abscissa dopics the amp litude
or tbe boizontal velocity *i genlunction for
mode 0 (solid), mode 1 (dashed), mode 2 (dotted)
and mode 3 (dashed-dotted) .

84



CMA3 indicates that the storm excited moles 0,1,and 3 with a

damped mode 2 (Fig. 26) . The amplitudes of modes 0 and 1

. reached a peak on JD 256 and then decreased. By JD 262, the

barotropic mode horizontal speed decreased to nearly a con-

stant value of about 10 cm/s. After JD 262, modes 0 and 1

oscillated over the remainder of the re-ord with a period

of about 5 IP. This behavior of the modes in Fig. 26 indi-

cates that a modulation occurred between inertial wave modes

;. 0 and 1. More importantly, these modes define a modulation

envelope which is consistent with the amplitude variations

of the currents below the mixed layer.

At CRA2, the time-varying coefficients of the modes are

markedly different in their behavior (Fig. 27). The spatial

variability in the modal structure between CMA2 and CUA3 is

associated with the differences in the mean flow, which is

topographically controlled. Initially, all of the modes

were excited, with a fairly energetic mode 3. The baro-

tropic coefficient decreased to about 2 cm/s while the mode

I amplitude approached zero near JD 252. After JD 262,

modes 0 and. I were in phase and defined the limits of the

coefficients.

85

I A% %



04

ode

. 0U '

44

-4

C-.- 0

-c ozOT01 0- c

(s. An c-)pn~ldui

86if



z~

cg£0
a:)

r.r

. ......

£0..-
oc ozol 001- 0- G9

(s/u~o) anlt.dui0

* ~:: 87

? Ze



The mcdal current time series are re-computed using the

coefficients from the least squares fit and the eigenfunc-

tions for each of the current meter depths at CMA3. For

example, the reconstructed time series are compared in Fig.

28 with the actual demodulated current time series at 251 m.

Recall that a seccndary maximum occurred at this site about

10 IF follcwing the passage of Frederic (Fig. 10). The

reconstructed amplitude cf the barotropic mode is greater

than the actual v component of the data between JD 255 and

262 (Fig. 28). However, summing modes 0,1 and 2 accounts

for mcst cf the cbserved variability, with the barotropic

mode the most energetic. Over the remainder of the record,

JD 262 tc 270, most of the observed variability can be

described cnly by modes 0 and 2. The contribution of the

barotropic mode was significant and consistent with earlier

estimates that the vertical scales were of the order of the

water depth. The strength of the barotropic mode continued

for the entire time series of the modal coefficients at

Cfc 3.

Estimates of the modal contributions to the observed

near-inertial variability are given in Table I for both the

5' storm and poststorm periods at CHMA2,3. These estimates are

based on the expression
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Z(Vj - Vjm ) 2

S 2 (12)
Z V.

where V and %j are the observed and modal scalar components

of the horizcntal velccity. The index a depicts the summa-

tion of the mcdes, for example, 0, 0+1, and 0 1+2, and index

j repesents a summation cver the number of observations in

the period. 7be storm period is redefined to start at the

time of hurricane passage and continue for 7 IP. The post-

storm period starts where the storm period ends and contin-

ues for roughly e IP until the end of record.

The sized layer variability at CH&2 is dominated by the

barotropic mode during the storm period. The contribution

of the barctropic mode tc the observed horizontal current

variability decreases with depth, but by including the

baroclinic mcdes most of the near-inertial variance can be

described by modes 0,1 and 2. The only exception is at 179

m. The first three modes contribute only 54 and 37% to the

observed horizCntal current variance in the east-west and

north-south directions, respectively. Furthermore, the

u-velocity compcnent of the barctropic mode exceeds the

89
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.4i TABLE X

Variance of the Ncrmal Modes at CMA2 and CMA3.

Modes
Depth Velccity 0 0+1 0+1+2

19s 68 78 18
19 u ps 87 91 180.I. 19 U S7 1

19 v s 69 78 100
19 v ps 92 93 100

179 u s 53 50 54
179 u ps 98 98 95
179 v s 35 31 37
179 v ps 97 98 95
324 u s * 50 67
324 u ps 97 98 99
3;4 v s 45 72 85
3,4 V ps 97 99 99

;U 5 s 9 97 100
21 u ps 3 86 100

v s 68 98 100
ps * 50 100

uS 5 81 98
ups9 96 99

251 v s 58 84 98
251 v ps 94 95 99
417 u s 7j 68 97
4_7 a p5 95 94 91
437 v s 64 78 94
437 v ps 94 94 92
457 u S 82 85
457. u ps 92 74 99
497 v s 21 89 84
4 7 v ps 81 66 99

s: storm period (.namber of observations , 1008)
ps: post-staorm per .cd (number of observations - 1152)
*: an overestimat on of the variance (explained below)

observations by a considerable amount and causes equation

(12) to be less than zerc (see Fig. 27). This behavior

could be attributed to the bottom boundary layer where infi-

nite energies occur when the slope of the internal wave
characteristic arproaches the bottom slope (Prinsenberg and

Rattray, 1975). Most of the observed variance during the
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post-storm period is attributed to the barotropic mode. The

modes are much more well-:ehaved during this period, which

is presumably a manifestation of free waves.

The modes of the horizontal velocity are well-behaved

during the stcrm period at CMA3, except near the bottom

where only 20 to 22% of the observed variance can be attrib-

uted to the tarctropic mcde. This is probably due to bottom

boundary effects. At the other depths, the barotropic mode

explains 55 tc 73% of the variance, with most of the vari-

ance accounted for by the summation of the barotropic and

first two tarcclinic modes. During the post-storm period,

the cbservaticns of the mixed layer velocity are less than

that Cf tke tarctropic mcde in the north-south direction,

which causes the value to te less than zero. The reason for

this large discrepancy is due to the e-folding scale of the

horizcntal velccity in the mixed layer, the persistence of

the coefficient cf the barotropic mode (see Fig. 26), and

the radiation of inertial waves away from the storm track.

Otherwise, 73 tc 95% cf tte observed horizontal current var-

.iance can be attributed to the barotropic mode, and ;sdding

the first twc taroclinic mcdes accounts for more than 90% of
-o

the variance.
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Hopkins (1982) modeled only the baroclinic response .0

hurricane passage and he found that the inertio-gravity

waves decayed too rapidly in the thermocline and bottom lay-

ers to account for the vertical structure of the observed

variability. Thus, a model with only the baroclinic modes

could not explain the secondary maximum observed in these

layers.

Some caution has to applied in the interpretation of the

normal modes for several reasons. First, the formulation of

the Sturm-Liouville problem assumes that the vertical struc-

ture consists of a standing wave for the Nz = constant case.

From basic physics, a standing wave caa be decomposed into

two waves of equal amplitudes propagating in opposite dir-ec-

tions, which assumes no phase propagation. over the first 7

to 10 IP, there is a downward propagatioa of energy, as well

as upward propagation of phase, which violates the standing

wave argument. Secondly, a flat bottom ocean is assumed for

the application of normal mode theory. rhe validity of this

assumption crucially depends on the ratio between the slope

of the internal wave characteristic to the bottom slope.

For example, as this ratic approaches unity, the energy den-

sities in the bottom boundary layer approaches infinity. At
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that point, dissipation becomes important and must be

included in the model (Prinsenberg and Rattray, 1975). Con-

sequently, the assumption of inviscid dynamics is no longer

valid. Despite all these approximations, the normal mode

analysis fits the observations quite well. Even the reso-

nance or iodulation envelc~e which occurred at CMA3 about 10

IP fcllowing tte storm passage, is represented quite well by

modes 0,1 and 2.
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The ocean response near the DeSoto Canyon to hurricane

Frederic was dcinated by the excitation of inertial waves

in the mixed layer and inertio-gravity waves in the thermo-

Cline. These waves are not admitted onto the shelf because

the slope cf tte characteristics of internal wave motion is

less than the bottom slope (Barbee St. 11, 1975 : LeBlond

and sysak, 178 ; Torgriuson and Hickey, 1979). The major

features of the forced inertio-gravity waves observed at

CRA2 and 3 are:

0 initially, the vertical propagation of energy was of
the order of 1. km/d as the fcrcina was felt throughout
the water colu n within 3 to 4.5h following the pas-
sage cf ftederic;

0 the initial horizontal propagation of energy was abcut
80 km/d with a phase speed o 70 cu/s;

* the waves were anisctropic at all depths and had an
upward propagaticn of phase;

0 maximum SHK in the mixed layer occurred at the fringe
of the sximus wind regime with a second maximum in the
thermocline 6 to 10 If after the storm;

0 the III decayed on an e-folding scale of about 4 IP
after the moximum in the mixed layer and the second
maximum 1n the thermccli no;

0 the vertical propagation after about 6 IP is of the
order of 102 d with a co zesfonding horizontal propa-
gation of energy of 30 km /;

* the mixed layer horizontal scales were 60 and 100 km in

t~hi crossa nd al ng-track directions, respectively
e the scales In the thermociint were 25 and 50 Im

n the cross and a long-track directions;
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• he vertical scales were cf the order 9f the water
epth which suggests that the barotropic mode was1mportant;

* most of the observed variabilty was in the barotropic
mode with some ccntributions from modes 1 and 2;
togethei they defined a modulation envelope in the deep
thermcclino at CMI3;

* the modal coefficients varied in space as well as time
due tc tke rugged bottcm topography and mean currents.

The mean flcw was topcgrapically controlled and reversed

direction fzcs surface tc bottom. The forced response in

the mixed layer caused the mean flow to increase at both

CHA2 and CRA3. The mean flow below the mixed layer was also

changed by the storm. furthermore, this mean flow was

influenced ty subinertial variability (periods of 3 IP) and

was linked to the advecticn of cooler water cross-shelf rel-

ative to CNA2.

The semi-diurnal tidal currents increased in magnitude

and varied spatially in response to the passage of hurricane

Frederic. The near dcminance of the semi-diurnal tidal cur-

rents over the inertial actions at CRAIi was consistent with

internal tide thecries. The semi-diurnal tides were admit-

ted to the shelf region because the slope of the internal

wave characteristic exceeded the critical bottom slcpe
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(Baines , 1973 ; Prinsonberg and Rattray, 1975 ; Torgrimson

and Hickey, 1979).

in a trcader context, the oceanic response to hurricane

Frederic was a geostrophic adjustment problem, which had

both transient and steady state components. kfter the tran-

sient. inertic-gravity waves propagated away from the storm

track, a geostrophically balanced ridge and current system

remained under tke storm track. That is, the steady state

currents were due to the balance between the horizontal

pressure gradients and the Coriclis force (Geisler, 1970).

klthcuqh some adjustments to the mean flow are described,

additional study is required to completely understand the

interelaticnshbips between the forced mean flow, the forced

wave field and the bottom topography.
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APPENDIX 

A. CCPL!1 DMODULATION

The motivation for ccmplex demodulation is to isolate

the carrier wave of a certain frequency, vhich must be known

P. and to form amplitudes and phases of the modulated

signal. A linear filtering approach is used to form the

instantaneous amplitudes and phases in contrast to the har-

monic analysis method. Essentially, the amplitude and phase

time series represents a local harmonic analysis rather than

discrete estimates averaged over continuous periods (Otnes

and Inochson, 1978).

I band-limited time series is multiplied by the trigono-

metric arguments of the carrier wave. The resultant time

series is then lcw-pass filtered to eliminate some high fre-

quency noise that is generated. The cosine and sine coeffi-

cients are ther combined tc form the amplitude and phase of

the modulated wave. Consider the time series:

x (i)=j 1i) cos ( (2 r fj.At) + o(i)) (1)

where f.es the carrier frequency, at is the sampling inter-

val, o is the phase , A is the amplitude of the wave, and i
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represents a time index. Both the phase and amplitude vary

as functicns cf time. Multiply equation (1) by the sine an5

cosine arguments of the carrier frequency f0 ,

zIi)u'=a(i){ccs ((2 if, i~t) + #(i))).sin (2 rfiAt) (2)

x(Ci) -i){ccs ((2rfilt) + 0(i))cos(21fiAt) , (3)

where

x. (i) z z(i) sin (2 wf JAt) , and

xs(i) - x(i) cos (2 rf, it).

Equation (2) can be rewritten as

(i) = A(i)/2 jsin ((4wf~iAt) + O(i))- sin 0 (i) (4)

Similarly, equation (3) can be expanded and simplified as:

x (i) - A(i)/2 {cos ((4 fiAt) + .(i))}) cos 0(i) * (5)

Low pass filtering the abcve x. ,x6 series yields:

yei) -A (i)/2 {sin 0 (i)} , (6)

41El) A A(i) /2 {Cos 0 (i)}

where ys (i) and ye(i) are the low-pass filtered xs(i) and x

(i). These data are filtered by convolving the input series

with a set of filter weights in the tie domain (endat and
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Piersol, 171). Squaring and summing Y3 (i) and ye (i)

yields

at Ii E'i) + Y* W~(.) M At /14

or,

A(i) = 2 a(i) (7)

where &(i) is the amplitude as a function of time. Simi-

larly, the phase as a function of time is computed as:

#4(i) a Tan-' (-y$ (i) / ye(i)) . (8)

B. FOTENTILL EVIRGY

Ihe potential energy is computed to determine the rela-

tionship of tke isotherm displacements to internal wave

otion. Given a temperature time series from a moored array

and the correspcnding vertical temperature gradient dY/dz,

the isotherm displacement C is computed in the following

manner:

T? (9)

dT/dz

where T' is tle fluctuating part of the observed tempera-

tares. The potential energy per unit volume is defined by:
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where It is the Erunt-Vaisala frequency, t' is the isotherm

displacement fluctuations, and p, is the reference density.

which is assumed to be unity.

C. LEAST SQUINES FIT

Given a demodulated time series of the amplitude coeffi-

cients and the vertical structure of the horizontal velocity

egenfunctions, the problem is to compute the time-varying

coefficients associated with each dynamical mode. The

time-varying amplitudes U(zi,t) at depths z,,z1 , .... z

. may be written as

.aU (zl Vt)- LCN M EP,(21

where EZ(zi) are the eigenfunctions for modes 1,2,3. and

C,(t) are the ccefficients to be calculated in the analysis.

0 Only three taroclinic mcdal coefficients are computed

because current meters were deployed at three depths in the

water column. For example, the current at depth z,, is

written aa

Us C1 21 ) C2a h(Z) S CE3 (Z1
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and there are siilar expressions at depth z2 and z. . The

square of the error in the least squares fit at depth z, is,

e {U,- (C, (z) + CSZE(z,) + CSE,(z,)f (Ia).4

and similarly at z and z ,

of {t (C,!, (z a ) + Ca a(za) + C 3 (z 3 ))' 2, (l1b)(11b

a {2~(CIE, 4z5 ) + CZ3!1 (z) + C3Es,oz))2 . 0lic)

The error is sinimized by solving the following set

eO /aC t +q /C)1+,)e /C,- 0 , (12a)

'9 - 4 / c2  21 /c+21e Ac.= 0 (12b)

002 /2)C3 aezaQ /aCs+aO? /acs 0 (12c)

Differentiating equation (11) with respect to C, and summing

the expressions according to equation (Tia) yields

usIIZ(I) + 3 2 (z2) + O3 ES (z3) -

C, (, (z I ) a I (zn) + 3,(ZX) It (Z2 ) + I, (Z) It (Z,))

" C1 (It (Z) 'I (Z,) + II(Z 2 ) !Z(ZZ) + Et (Z,) E2(Z3))

" C3 (1 1 (zI) a 3 (z,) + ! 1 (Z2 ) !3 (z,,) + 2 1 (Z) I S("3)),

or

gill (Zi)-C11!2 (Z:) 1 1 (z 1 ) + Ez lz.()
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low if equations (12b.c) are applied to equations (11) the

corresponding equations for C. and C. become:

U,22 (Z ; ) a C,1 , (z, z) (Z +caE(z i )  E(z 1 )

+ C St.E 3 (zi ) !a(zi) P (14)

i I (Z ) C, E1 Mz) 23 (Z; + C2 E2 (ZI) E3 (Z;)

+ C 3 (z;) E3 (zi) (15)

By inspection, let

Cx1014 EM(zI) Eg(Z|) for mn =1,2.3 (16)
Ora (17)

Therefore, equations (13-15) can be simplified using the

above definitions into a simple matrix equation of the form

Oft aMCH (18)

Equation (18) is a simple symmetric matrix equation and it

was sIved using the IKSL routine LIQT2P on the IBM 3033.
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A PENDIX B

A. DEP RIGICI

The ocean currents at C¢A2,3 during the quiescent period

clearly showed topographical effects associated with the

DeSotc Canyon. The behavicr of the surface currents is best

described by a TVD (Fig. 29). The strong u component at

C812 produced a total displacement of 600 km over 39 days

for a 15.4 km/d man current. Inertial waves were super-

posed on this mean flow, particularly during the period from

JD 232 to 239. The mean flow increased during this period.

At CSA3, the mean flow decreased in the southerly direction

from 13.3 to 9.5 km/d (Fig. 29b). The different orientation

in the mean flow across the entire shelf region is presum-

ably due to the influence of bottom topography.

The trajectory of the near-bottom horizontal currents at

CNA2 (Fig. 30s) was in the same direction as in the mixed

layer until JD 232. After the reversal,, the mean flow was

towards the west at about 3.3 ka/d. The bottom PVD at CRA3

(Fig. 30k) showed tkat initially the mean flow was towards

the north at 2.0 km/d over the first 6 IP. The flow then
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Figure 29. Surface PVD fcr a) C8k2 and b) CEA3. The *
j~resents te span of 8 startina JD

f or CnI t(i;aS) and b) JD 213 for A (21

changed direction and accelerated tc about 2.8 ka/d in the

same direction as in the surface layer.

Horizontal kinetic energy spectra for this period are

summarized in Table 1I for both inertial and semi-diurnal

frequency tands. The vertical variation in the inertial HKE

levels at CMA2 indicated a larger amount of energy in the
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30 km~

244

Figure 30. Bcttcm PVD for a) CIA2 and b) CMA3. The *
represents a time span of 48 h starting a) JD
209 for CKA2 (324 aJ and b) JD 213 for CRA3 (457
U).

thermocline than at the surface or near-bottom. However,

the difference between the surface and bottom energy levels

was about cne order of ;agnitude. At CHA3, the inertial HKE

estimates decreased steadily with depth and there was acre

than an crder of magnitude difference between the surface

and bottom layers. The HHE levels were slighty greater at
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C213 in tke surface layer and theruocline, but they were

slighty less near the bottom than at CRA2.

'e TABLE Xl

Normalized HKE Spectral Estimates at 95% Confidence

Normalized
leter so. of Data HKE Spectra
Cepth Points Bandwidth f H2

(P.) 2_b (c/S) !.Lph

19 5780 0.001 1.7x10+ 3 2. 1x1O+2
179 1,590 0.0013 3.OxlO 3 3.8x10+*
324 5780 0.001 3.1x10+' 8.OxlO+*

-. ] ) _IU

. 21 14680 0.0013 8.OXlO 3 2.3x10+3

251 4680 0.0013 4.5x10 3 7.0x10+2
437 4680 0.0013 1.9x10+3 4.6x10
457 4680 0.0013 2.OxlO+a 1.7x10 '

* instrumentaticn prcbleus with time clock
12 is the semi-diurnal tide frequency band
f is the inertial/diurnal tide frequency band

'Ihe semi-diurnal HKE estimates also varied spatially.

The estimates cf HKE in tke thermocline and near-bottom lay-

ers at CNA2 were not significant; however, the HKE estimates

at CH13 were significant at all depths. The HKE estimates

at 437 a even exceeded both the surface layer and thermo-

cline levels ty about an cxder of magnitude. In comparison

9., with the near-bottom estimates at 457 a, the kinetic energy
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levels were acre than two orders of magnitude greater.

These proncunced changes in the semi-diurnal energy levels

with depth indicate the presence of internal tide motion.

In most of tte kinetic energy spectra examined, longer

pericd motions were insignificant, because their energies

were smeared acrcss adjacent bands except in the bottom lay-

ers. Subinertial variability at periods of about 3 IP was

quite apparent in the bottom reccrds at both CMk2 and CMA3.

These moticns were generally more energetic than the semi-

diurnal tides.

Rotary spectra are analyzed for the surface and bottom

current records and are given in Table II. Most of the HKE

variatility is ccnsistent with ;clarized, CV rotating iner-

tial notions. The C1 energy level exceeds the CCV level by

about an order of magnitude. The ellipse orientations for

these waves rctates CCI (tacks) with depth. These ellipses

are stable except for the near-bottom inertial period notion

at CHA2. The direction of the semi-major axis of the

ellipse varies over time, which indicates that the inertial

waves are isotropic. The semi-diurnal tidal notion is

polarized in tke CI direction. Generally, the semi-diurnal

tidal moticus are coherent, although the phase differences
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between the hcrizcntal velccity components vary between the

arrays.

TABLE III

Ncrualized Rotary Spectrum Analysis

Normalized
Rotary
Spectra Ellipse

Freq. Depth CW CCV Stab. Dir. Rotary111416 -(2) QWE...) :t!g (U_..q) co01U.

I 19 1.6x10+3 1.9x10+a 0.80 103 +0.90
S 19 1.6x10 + 2 3.6x10+1 0.39 101 +0.87
I 324 5. 0xO+ a 1.4x10 + 1 0.05 90 +0.87
S 324 1. 0X10+0 1.1x10+0 0.60 169 -0.18

1 21 1.2z10 + ' 1.7x 10+" 0.40 157 +0.99
S 21 14.0xlO +  3.0x10 + ' 0.61 55 +0.63
S 3,Xl +1 3.9x10+0 0.20 93 +0.7

I-inertial frequency band
S-Semi-diurnal frequency band

Ocean tottcu temperatures ranged between 8.0 and 12.5 OC

at CHA2 and 8.0 to 9.0 OC at CH13 (Fig. 31) 0 but there were

different variations and trends. At CRA2, (not shown) the

temperature decreased gradually to about 8.3 OC near JD 234,

and then increased abruptly without any periodicities. Bt-

too temperatures at CHA3 were much lower and there was

near-inertial motion supeorosed on this early cooling trend.

109



The minimum temperature occurred on JD 232, which was about

2 IP tefore tke minimum otserved at C1A2. These minima in

*the temperature, in addition to the cooling trends, are man-

ifestations of the advection of cold water from the DeSotc

Canyon by tke mean flow.

B. SBALLOV REGICN

In the thermocline (49 3)v the inertial oscillaticns

were not nearly as energetic and did not rotate CW as in the

mixed layer (Pig. 32). The non-stationary trends in the

east-west currents were similar to the mixed layer observa-

t .icns, but ttere was an initial mean flow towards the deep

ocean. Superposed on the mean flow were lower frequency

oscillations with periods cf the order of about 10 to 14 IP.

The total displacement over the forty days was about 300 km

which corresponded to a mean current of 7.5 km/d.

Inertial oscillations at 64 a were not as energetic as
.4

at 49 at but tbere was a similar non-stationary trend in the

time series. This trend was associated with a lower fre-

quency waves having a period of 10 to 14 IP. These oscilla-

tions were superposed on a northward mean flow which was

61 slighly less than 7.0 km/d. Records from the current moter

nearest to the bottom (92 a), were out of synchronization
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Figure 32. lid-depth Pvt at CiI. The * represents a time
span of 48 h starting on JD 207 at 49 a.

due to internal clock problems. For example, large

increases in the velocity occurred on JD 252 as opposed to

256. Hence, tke data were not included.

The HK! spectra for the 21, 49, and 64 a depths are

shown in Table 13:I for bcth the inertial and semi-diurnal

frequency bands. The inertial/diurnal tidal kinetic energy
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in the surface layer was two orders of magnitude larger than

in the sutsurtace layers. The semi-diurnal tidal motion

decreased from the surface to 49 a and then increased with

depth such that the .KE near the bottom almos. equaled that

near the surface.

TIBLE XIII

401

~ he sa race lay Setr. EThmesmi-durna tonidalnmtio

detrueht the of netar th otm lotequal EESedtat
erthe soitrReface.n

4II

21 5825 0.001 1.4x10 + * 1.5x10 + ='

49 5825 0.001 1.AX10 =  4.3x10 "

64 582j 0.001 5.0x10 + z  8.0x10 z

92* 5825 0.001 1.5x10 + z'  1.0Z10+2

Sinstrumentaticn prcblems with time clockc2 is the sexi-dEStal tide sreuency band
f is the inerta Durnal ti e frequency band

2emperature data at 1cth 21 and 49 a are not available

because of he thernistor problem. The temperatures ranged

from 18.0oc to the thermistor cutoff of 21.5 OC at 49 a.

Temperature variations were about 0.50C over an IP, although

most of the variability was associated with some non-sta-

tionary trends and lower frequencm motions similar to those

observed in the currents. ous prior to the storm, tempera-

fef113
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tures decreased to a relative minimus as cold water was

advected ty the mean flow.

In summary, based on the observations during the quies-

* cent period, the mean flcw strcngly depends on the bottom

topography. Inertial band motion is evident at all depths

during the quiescent period. Sce of this motion is due to

freely propagating inertial waves while the remainder is

part of the forced diurnal tides. Internal tides, as well

as inertial oscillaticns, are part of the freely p:opagating

internal wave continuum below the surface layer. The effect

of the topography on the mean flow and the wave motions fur-

ther complicates the dynamics of the region and the resul-

tant circulation. Longer period waves (2.5 to 3 day

period) set up north-south oscillations that advect cooler

water from the DeSoto Canyon onto the shelf region. Super-

inertial frequency motions are influenced by the diurnal and

semi-diurnal tides and contribute to the variability.
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